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Used with permission. Image adapted from: Renninger, Sabine & Schonthaler, Helia &
Neuhauss, Stephan & Dahm, Ralf. (2011). Investigating the genetics of visual processing,
function and behaviour in zebrafish. Neurogenetics. 12. 97-116. 10.1007/s10048-011-0273-x.
(8).

Figure 1. Orientation and location of loxP sites produce varying outcomes.
Deletions take place when loxP sites are oriented in the same direction, leading to DNA
excision. Inversions occur when loxP sites are located on the same strand of DNA and
arranged oppositely resulting in a reversed order of the recombined DNA. .
Translocation results from loxP sites positioned on separate strands of DNA.
In eukaryotes exons (coding regions) flank non-coding intervening sequences
(introns), regions of RNA that are spliced out prior to protein translation. Prokaryotic
systems maintain a continuous section of coding DNA which is transcribed directly into
RNA, as seen in Figure 2 (9). However, the coding DNA in eukaryotes is disjoined into
smaller pieces due to the non-coding introns (10). RNA splicing is a post-transcriptional
modification event whereby introns are removed from the primary messenger RNA
transcript and exons are ligated together to form a mature RNA transcript (11). The
mature RNA transcript is then translated into protein.
The traditional method of generating a conditional knock-out using the Cre-loxP
system involves first flanking the target exon with loxP sites oriented in a fashion that
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Used with permission. Image adapted from: Alberts B, Johnson A, Lewis J, K. Roberts and P.
Walter (eds). Molecular Biology of the Cell. 4th edition. New York: Garland Science; 2002.
From DNA to RNA (9).

Figure 2. Description of post-transcriptional modifications in eukaryotes. The 5’
end of the mRNA molecule is capped with a 7-metyl guanosine as indicated by the pink
box. The 3’ end of the transcript receives a poly-A tail as highlighted by the green box.
Splicing removes introns (circled in purple) and exons are then joined together. Once
these three post-transcriptional modifications are complete, a newly formed mature
RNA is transported to the cytoplasm to be translated into a protein.

There are important aspects surrounding whether splicing successfully occurs
and these factors should be especially considered when this process is involved in
genetic engineering practices. The complexity of splicing in gene expression is wellorganized by the spliceosome, a large multi-protein complex consisting of nearly 200
proteins and five small uridine-rich (U) RNA components—collectively termed snRNPs
(12). It is this protein complex that recognizes unique markers at exon-intron boundaries
4

to activate splicing machinery. Typically, the 5’ end (splice donor) of the intron is
designated by a GU dinucleotide and the 3’ end of the intron contains important
conserved sequences such as: the branchpoint (A), a polypyrimidine tract, and the
dinucleotide AG (3’ splice acceptor) at the most terminal end of the intron (13). Although
splice sites and splicing machinery requirements may vary among species, the most
common of these are from U2 snRNP and U12 snRNP subsets. The U2 snRNPdependent group is a major class of introns that are excised by spliceosomes of U1, U2,
U4, U5, and U6; Terminal dinucleotides for these introns are 5’-GT-AG-3’, 5’-GC-AG-3’,
and 5’-AT-AC-3’ (13). See example in Figure 3 below (14).

1.

3.

2.
Used with Permission. Image adapted from: Russell, P. (2013). iGenetics: A Molecular
Approach. In iGenetics. Pearson Education UK. (14).

Figure 3. Splice site consensus sequences in an intron. The standard RNA
molecules are shown. GU (1) marks the 5’ splice donor site and (3) AG marks the 3’
splice acceptor site. The branch point, A (2), is identified upstream of

the

polypyrimidine tract (Py-rich).

In addition to splice site markers for initiation of splicing machinery, the branch
point sequence (BPS) is also considered a functional aspect of whether particular
5

biochemical reactions will properly occur to remove the intron. The branch point is
located approximately 20-60 nucleotides upstream of the splice acceptor (15) and is a
critical part of the initial reaction in splicing. The spliceosome catalyzes this reaction
when (i) the 2’ hydroxyl group of the branchpoint attacks the first phosphate at the 5’
splice donor site forming a branched RNA lariat and (ii) the 3’ hydroxyl group of the 5’
splice donor site attacks the 3’ splice acceptor site resulting in exon ligation and release
of the excised RNA lariat (16). Below, Figure 4 shows the assembly of the spliceosome
complex and the mechanism of the splicing reaction (17).

Used with permission. Image adapted from: Woll M.G., Naryshkin N.A., Karp G.M.
(2017) Drugging Pre-mRNA Splicing. In: Garner A. (eds) RNA Therapeutics. Topics in
Medicinal Chemistry, vol 27. Springer, Cham. https://doi.org/10.1007/7355_2017_12.
(17).

Figure 4. Spliceosome and eukaryotic splicing mechanisms. Small nuclear
ribonucleoprotein particles (snRNPs) assemble into a large protein-RNA complex
composed of 5 proteins (U1, U2, U4/U6, and U5), known as the spliceosome.
Spliceosomes cut out introns and ligate the remaining exons (coding regions) together.
Splicing machinery recognizes exon-intron boundaries by a conserved nucleotide
sequences in splice sites, preferred intronic sequences and exon enhancers.
Assembly of the spliceosome occurs in a step-wise fashion. (1) U1 initiates
spliceosomal activity by binding to the 5’ splice site (donor site) of the intron. Next, U2
6
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Used with permission. Guzzardo, P., Rashkova, C., Dos Santos, R., Tehrani, R., Collin, P., &
Bürckstümmer, T. (2017). A small cassette enables conditional gene inactivation by
CRISPR/Cas9. Scientific Reports, 7(1), 16770–11. https://doi.org/10.1038/s41598-017-16931-z
(21).

Figure 5. DECAI approach for conditional gene inactivation. A) The artificial intron
(light blue) contains a branch point (yellow circle) flanked by loxP sites (black triangles).
It is inserted into an exon of a gene. In the absence of Cre, the intron is spliced out and
the mRNA remains intact. B) In the presence of Cre, the intron is disrupted and will not
be spliced out due to the excision of the critical branch point sequence. One of the three
translational stop codons in the cassette will cause termination of translation. C)
Important cassette features: Splice donor (green), loxP sites (gray), Branch point
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appropriately inserted and included the intact splice donor, branch point flanked by loxP
sites, splice acceptor, and translational stop codons.

Used with permission. Guzzardo, P., Rashkova, C., Dos Santos, R., Tehrani, R., Collin, P., &
Bürckstümmer, T. (2017). A small cassette enables conditional gene inactivation by
CRISPR/Cas9. Scientific Reports, 7(1), 16770–11. https://doi.org/10.1038/s41598-017-16931-z
(21)

Figure 7 Artificial intron sequence of intact cassette. A) Shows that pIBI30PGKNeoRAI contains the intact intron with all components accounted for. The splice
donor is green, the branch point (yellow) is flanked by loxP sites (lowercase), the
polypyrimidine tract is underlined, the splice acceptor is blue, and three translational stop
codons are shown in red. The gray shows the targeted region of the NeoR gene. B)
Represents the DECAI intron cassette under study. Shown is the splice donor (green),
branch point (yellow) flanked by loxP sites (gray), polypyrimidine tract (underlined), splice
acceptor (blue), and three translational stop codons(red). Note intronic cassettes for A
and B are equivalent.

I next wished to confirm that the loxP sequences would function as expected to
delete the floxed branch point. To test the functionality of the artificial intron, I transformed
27
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